We summarize recent studies on photoinduced electron-and energy-transfer processes of various supramolecules including imide group(s) as a component. Recently, imides have been employed in various functional molecular systems, because of their excellent photophysical and electron accepting properties. Our research group also employed imides in various supramolecular systems such as donor-acceptor dyads, quantum dots, DNA, and so on. First, we summarize fundamental properties of imides such as photophysical and electrochemical properties. Then, photoinduced processes of imides in the supramolecular systems are described to show their applicability in the various fields.
Introduction
In many scientific fields, electron transfer and energy transfer processes are important mechanical basis. Although the theories for these processes were already established, the number of the studies on these processes is still increasing. Various photoinduced processes related to the natural photosynthesis systems have attracted quite wide attentions of scientists for long time and their mechanisms have been revealed by various spectroscopic measurements including ultrafast spectroscopy. 1 The studies trying to mimic the natural photosynthesis realized various artificial photosynthesis systems which are applicable to light-energy conversion systems such as solar cells. In addition, organic synthesis initiated by photoinduced electron transfer and energy transfer has been also investigated widely to attain efficient and selective reactions. Photocatalyst should be one of the successful fields which include photoinduced electron transfer and energy transfer as a key mechanism. Nowadays, scientists in the fields of DNA, protein, medicine, and so on have also showed great activities in the research fields related to electron transfer and energy transfer. Photo dynamic therapy and bio-sensor should be the successful examples of such activities. Until the 1990s, studies on electron transfer and energy transfer were carried out using porphyrins, quinones, viologens, and so on as key pigments. [2] [3] Fullerenes have been used in these studies from around 2000. 4 These compounds have been selected because of their favorite characteristics for application such as absorption, fluorescence, and redox properties. [2] [3] [4] Recently, various imide compounds ( Figure 1 ) such as naphthalimide (NI) and perylenediimide (PDI) have been employed as components of photofunctional molecular systems very frequently, while pyromellitimide (PI) had been employed as a counter part of porphyrin derivatives. 5 Their rigid structures and organic chemically well-established functionalization methods are parts of the reasons why these imides are often employed as a building block of the molecular systems. The poor solubility of these imides in various solvents, which made applications limited previously, can be overcome by introduction of various substituents. Nowadays, solubility to aqueous media is also realized. 6 From these enhanced versatility as a component of supramolecules, various researchers pay much attentions to imide compounds.
In the present review, we summarize characteristics of supramolecules using imide compound(s) as a component. First, characteristics of imide compounds useful for the study of energy-and/or electron transfer aiming at efficient photo-energy conversion systems Then, recent studies on supramolecules including ours will be introduced.
Figure 1. Molecular structures of imides

Characteristics of imide compounds
One of the important characteristics of imides should be large photon absorption ability in the wide spectral regions ranging from UV to near-IR, 7 which can be controlled by structural factors such as size of π -conjugation, torsional angle, 8 and intramolecular CT character. 9 In the case of PDI, it was reported that introduction of the substituent, which induces intramolecular CT character to PDI, shifted the absorption peak position to 700 nm, 10 while the absorption peak of the pristine PDI is 526 nm. The large absorption band ranging from UV to near-IR regions is a favorite character for the application to light-energy conversion systems which can be used in solar cell application. [11] [12] As expected from the large absorption of these compounds, large fluorescence quantum yields are reported for these imides. For example, the fluorescence quantum yields of PDI and terylenediimide (TDI) are reported to be 0.98 and 0.9, respectively. [13] [14] High fluorescence quantum yields and the peak positions of these imides in the visible region (550 and 670 nm, respectively) facilitate utilization of these imides as fluorescence probe of biomolecules and single molecule fluorescence spectroscopy studies. In the case of NI, it has been reported that the existence of T2 state, which is energetically close to S 1 state, enhances the intersystem crossing rate resulting in low fluorescence quantum yield. 15 Another important characteristic of imide compounds is higher electron-accepting ability. Especially, electron acceptor ability of their excited state is useful for various purposes including donor-acceptor molecular systems mimicking the natural photosynthesis systems. 
Emission properties of organized imides
As indicated in the previous section, one of the characteristics of imide compounds is the high fluorescence quantum yield. Especially imides with highly developed π-conjugation systems tend to exhibit quantum yield close to unity, [13] [14] which is useful in application such a s a fluorescence probe. 18 In this section, we want to ov erview the emission properties of structurally organiz-ed imides, such as aggregate and stacked dimers.
Aggregates of imides
It has been reported that imides such as PDI form various types of aggregate depending on conditions such as solvent and temperature. 19 For example, PDI tends to form H-type aggregate, of which fluorescence showed longer wavelength shift and broadening compared to those of PDI monomer. Wasielewski and his coworkers reported fluorescence properties of cofacial PDI dimer which was prepared by connecting two PDIs to 4,5-positions of xanthene. 20 The c ofacial dimer showed a fluorescence peak at 735 nm while that of monomer is 535 nm, indicating the extensive longer wavelength shift due to excitonic coupling of the transition dipole of PDI which is aligned along the long axis of PDI monomer. Furthermore, they investigated structural relaxation upon laser excitation by transient absorption spectroscopy of the excimer state of the compounds.
Although PDI tends to form H-aggregate as indicated above, this tendency can be controlled by introduction of substituents to PDI. It was reported that PDI can form J-aggregate, when PDI has bulky substituents at 1,6,7,12-positions. 8 Yagai et al. reported that formation of hydrogen bonding between OH groups attached to PDI and cyanurate can control formation of H-and Jaggregates. 21 They observed that H-aggregate showed an excimer-like fluorescence with a peak at 636 nm, while J-aggregate showed that with a peak at 673 nm.
Excimer of imides
Excimer emission of chromophores is efficiently generated when chromophores are linked by chemical bond such as an alkyl chain. Especially, connection by a propyl chain enhances excimer formation as known as the "n = 3 rule". 22 We investigated the emission properties of NI dimers connected by an alkyl chain (NI-CnH2n-NI). 23 These compounds showed similar absorption spectra with that of the monomeric compound. On the other hand, the dimeric compounds showed the excimer emission around 425-491 nm as well as monomer emission at 370 nm, indicating that excimer is formed by dynamic motion of the alkyl chain in the excited state. The lifetime of the monomeric fluorescence was 100-200 ps, indicating the excimer formation in the sub-nanosecond time region. With the increase in the length of the alkyl chain connecting two NIs, the peak position of the excimer emission band shifted to shorter wavelength side accompanying reduction of quantum yield, indicating un-stabilization of excimer with an increase in the length of the alkyl chain due to longer chromophore distance and un-favorite orientation for the excimer formation. Furthermore, in the solvent containing water, further longer wavelength side shift was observed due to the formation of the hydrogen bond between water and the carbonyl group of NI.
Exciplex of imides
When imide is connected with an electron donor molecule via an adequate linker, photoinduced electron transfer process is expected as discussed in the next section. Under the condition where electron transfer is not preferential process, exciplex emission will appear. We reported the observation of clear exciplex emission from the donor-acceptor dyad molecules of NI and phenothiazine (PTZ), which acts as the electron donor, connected by an alkyl or ethylether chain (NI-C-PTZ or NI-O-PTZ, respectively). 24 The emission spectra of the dyad molecule in n-hexane showed three emission bands designated as SW (~370 nm), MW (~425 nm), and LW (~600 nm) ( Figure 2 ). SW can be attributed to the monomer fluorescence, while MW is the excimer emission due to intermolecular excimer format ion, i.e.
1
(NI:NI)* from the similarity in the spectral shape and the wavelength region with the above discussed NI-CnH2n-NI. The LW can be attributed to the intramolecular exciplex emission because LW was not observed with the monomeric NI compound without PTZ. The formation process of the exciplex structure can be followed by the rising fluorescence profile of the LW band. The rising kinetic profile of the LW emission can be analyzed by multi-components rise function, indicating the existence of various conformers in solution due to the flexible alkyl chain connecting NI and PTZ. 
Application to single molecular detection of reactive oxygen species
At the end of this section, we introduce an example which applied strongly emissive nature of imide compounds to evaluation of reactivity of reactive oxygen species. Reactive oxygen species including singlet oxygen and hydroxyl radical, which can be generated by photo-irradiation to photocatalyst, can transport in air to react with a substrate at distance as known as the remote oxidation process. 26 Because of quite small amount of these reactive species, detection and analysis of these species are quite difficult subject. Based on the fact that diepoxide of TDI, which is a reaction product of TDI and singlet oxygen, shows strong emission in the shorter wavelength side compared to that of the pristine TDI, we applied single molecule spectroscopy to this subject aiming at clarification of the generation process of the singlet oxygen and its transport property. In the experiment, TiO2 film prepared on a slide glass and a cover glass, on which TDI was dispersed, were placed with the controlled distance as shown in Figure 3 . Upon UV light irradiation to the TiO 2 film, fluorescence spots due to the formation of TDI diepoxide were confirmed, indicating the singlet oxygen generated on TiO2 film transported to TDI via the gap. From the distance dependence, the transport rate and generation yield of singlet oxygen were successfully evaluated. 
Donor-acceptor dyad molecules using imides
As indicated in the introduction, various imides exhibit good electron acceptor ability, which is useful in the study of electron transfer systems such as donor-acceptor dyad. Especially, the group of Wasielewski and the group of Würthner have reported synthesis and properties of various supramolecular donor-acceptor systems until now. 5, [28] [29] [30] Our research group also applied imides to various molecular systems including supramolecular system and DNA conjugate. [31] [32] Here, we summarize these studies on the electron transfer process in the supramolecular systems using imides.
4.1
Electron transfer in covalently linked donor-acceptor molecule For application to efficient light-energy conversion, strong absorption covering the spectrum of solar light is preferable property of donor-acceptor dyads. From this viewpoint, PDI with a large absorption with peaks around 550 nm is an ideal molecule, although absorption around 300-480 nm is rather weak. Thus, the donor molecule that covers this wavelength region is useful as a partner of PDI. One of the candidates will be oligothiophenes, because they exhibit large absorption in the above mentioned region. From this point, we studied photoinduced electron transfer process in covalently linked dyad molecules of oligothiophene, a pentamer of thiophene (5T), and PDI, which were connected by a propyl (C3) or hexyl (C6) linker to reveal the conformation effect on the photoinduced processes. 33 By using 550-nm femtosecond laser pulse for the excitation of C3 or C6, photoinduced process originated from PDI in the singlet excited state can be investigated ( Figure 4 ). The quantitative charge separation via PDI in the singlet excited state was confirmed in various solvents such as toluene, anisole, and benzonitrile. The lifetime of the charge separated state was calculated to be 7.1 ns for C6 in toluene, although the lifetime of the charge separated state depends on solvent polarity and linker length. By using 400-nm laser for the excitation of the dyads, photoinduced process via 5T in the singlet excited state can be examined. It was revealed that 5T in the singlet excited state deactivated within ~ 1 ps and PDI in the singlet excited state was generated, indicating the efficient singlet energy transfer from 5T to PDI. From PDI in the singlet excited state generated by the energy transfer from 5T, charge separation was confirmed, of which dynamics were the same as those observed with the 550-nm laser excitation of the dyads. These findings indicate that the charge separation from PDI in the singlet excited state can be realized independent of the excitation wavelength like photo energy harvesting functionality in the natural photosynthesis systems. From the comparison of the distance dependence of the observed energy and electron transfer rates with those expected from Förster and Marcus theories, respectively, it was revealed that these dyad molecules tend to form folded conformer in solvent, which makes the distance between the 5T and PDI rather short. When the NI moiety of NI-PTZ dyads, which are introduced in the previous section, was excited using the 355-nm picosecond laser in acetonitrile, transient absorption bands attributable to the radical anion of NI and the radical cation of PTZ were observed at 420 and 520 nm, respectively. 34 The generation rate of the radical ion pair was slower than the fluorescence decay rate, indicating the contribution of the triplet excited state in the charge separation process as well as the singlet excited state. The charge separated state was also confirmed during the laser flash photolysis using the nanosecond laser, and the lifetime of the charge separated state was determined to be 3.8 μs.
On the other hand, in toluene, non-polar solvent, charge separation occurred only from NI in the singlet excited state, not from NI in the triplet excited state, indicating that unstabilization of the charge separated state in non-polar solvent made the charge separation from the triplet excited state the endothermic process. Additionally, photoinduced electron transfer processes of NI-PTZ dyad molecules were examined in water/acetonitrile media. 35 The intramolecular electron transfer from NI in the singlet excited was suggested from the fluorescence quantum yield and lifetimes which were smaller than those of NI. In the case of NI-PTZ dyad connected by a C8 linker, the charge separation rate was 6. 
Electron transfer in donor-acceptor molecule linked by coordination bonding
Since majority of imide compounds exhibits good electron acceptor ability, combination of imides with porphyrinoids, which are often employed as model compounds of photosynthesis systems, has been investigated widely. Many research groups including Wasielewski et al. and Mataga et al. have investigated donor-acceptor dyad molecules using porphyrin and imides, in which imides are attached at meso-or β -pyrrole of porphyrin rings. [37] [38] [39] On the other hand, since Zn-coordinated porphyrin can take a pentacoordinated form by coordination of a ligand such as pyridine, introduction of an electron acceptor to the ligand facilitates formation of donor-acceptor dyads. [40] [41] The electron acceptor ligand can be applied to various tetra-pyrrole macrocycles such as porphyrins and phthalocyanines. As the electron acceptor ligand for Zn coordinated tetra-pyrrole macrocycles, we have synthesized PI, which possesses a pyridine ring for coordination at the N position of pyromellitimide ( Figure 6 ). Coordination of PI to Zn coordinated tetra-pyrrole macrocycles was confirmed by UV-Vis absorption spectra and 1 H-NMR measurements. For example, the absorption peaks (B-and Q-bands) of Zn tetraphenylporphyrin (ZnTPP) shifted to 429 nm and 562 and 601 nm, respectively, which are the same as those of pyridine coordinated ZnTPP, indicating formation of the pentacoordinated form of ZnTPP with PI. By applying the Scatchard plot to the present absorption spectral change, the association constant was estimated to be 2400 M -1 . In addition, in the 1 HNMR spectra, upon coordination of PI to ZnTPP lower field shift of hydrogen of pyridine ring of PI was observed supporting the coordination of pyridine N to the central Zn of ZnTPP. Similar supramolecular donor-acceptor dyad formation was confirmed with other Zn tetra-pyrrole macrocycles, Zn octaethylporphyrin (ZnOEP), Zn phthalocyanine (ZnPc), and Zn naphthalocyanine (ZnNc). Molecular orbital (MO) calculation at B3LYP/6-31G(d) level indicated that the HOMO electron is localized on the macrocycles and LUMO is on pyromellitimide, while HOMO and LUMO electrons are not distributed on the pyridine ring, indicating that electron transfer from macrocycles in the singlet excited state to pyromellitimide is possible process and the pyridine ring acts as a spacer during the electron transfer process.
The charge separation process in the supramolecular dyads was confirmed by means of the sub-picosecond laser flash photolysis. In the experiment, excess amount (100 equiv.) of electron acceptor ligand was added to the solution of tetra-pyrrole macrocycles to ensure that the photoinduced process of the supramolecules can be elucidated. In the case of supramolecular dyad of ZnTPP and PI, transient absorption bands due to singlet excited ZnTPP was confirmed upon laser excitation. With decay of singlet excited ZnTPP, an absorption band of PI radical anion appeared, indicating the charge separation in the supramolecular dyad. The transient absorption bands due to charge separation were observed with other supramolecular dyads and the observed rate can be explained on the basis of the driving force for the electron transfer.
As (ZnHPc), and 2,3,6,7,11,12,17,18-octaethylcorrphycenatozinc(II)(ZnCn), in which the latter three compounds are structural isomers of ZnOEP (Figure 7) . [45] [46] [47] For comparison purpose, we used a series of electron acceptor ligands, which are combination of phthalimide and pyridine ring (Figure 7) . The N atom of pyridine ring can coordinate to the central Zn ion of these isomers like PI in the previous section. phthalimide does not show obvious absorption peak in the visible region, observation of radical cation during the laser flash photolysis is essential to investigate electron transfer kinetics. Because there were no report on the absorption spectra of the radical cations of ZnHPc, ZnCn, and ZnPcn, we measured their absorption spectra by means of ϒ-ray radiolysis of the sample in butylchloride rigid matrix at 77 K, which is a well-established process in the field of radiation chemistry. 48 After the ϒ-ray irradiation, ZnHPc, ZnCn, and ZnPcn showed an absorption peak attributable to the corresponding radical cation at 756, 705, and 860 nm, respectively. For each dyads, photoinduced charge separation was investigated using sub-picosecond laser flash photolysis employing the femtosecond laser pulse to excite the Q band of the supramolecular dyads, i. e. 565-, 610-, 560-, and 650-nm laser pulse for the ZnOEP, ZnHPc, ZnCn, and ZnPcn supramolecular dyads, respectively. The generation of the charge separated state from the singlet excited state was confirmed by the observation of the transient absorption band of radical cation. It was revealed that the charge separation rate was in the order of ZnOEP > ZnHPc, ZnCn > ZnPcn when the driving force was comparable. In Figure 8 , the estimated electron transfer rates were plotted against the driving force. 47 Usually, the driving force dependence of electron transfer rate can be explained on the basis of the Marcus theory, eq. (1-3) , [49] [50] .
In eq (1), λS is the solvent reorganization energy given by eq. (2), V is the electronic coupling, S is the electron-vibration coupling constant given by eq. (3), and <ω> is the averaged angular frequency. In eq. (2), n is the refractive index. In eq. (3), λV is the internal reorganization energy. The λ S value was estimated to be 0.05 eV. The estimated electron transfer rates can be reproduced by using the parameters listed in caption of Figure 8 . Thus, the V value of the electron transfer of porphyrin isomers is in the order of ZnOEP > ZnHPc > ZnCn > ZnPcn, while the λ V value is ZnPcn > ZnHPc, ZnCn > ZnOEP. For the detailed understanding of the observed tendency of electron transfer rates of the supramolecular dyads of ZnOEP, ZnHPc, ZnCn, and ZnPcn, MO and molecular structures were investigated by means of MO calculations, because these isomers have same MO pattern due to the same substitution pattern. [45] [46] [47] It has been pointed out that electron transfer rates from the excited porphyrinoids relate to HOMO electronic densities. 37, [51] [52] The largest HOMO electron density was found at the α-carbon of pyrrole ring of each porphyrinoids of the present dyads. In the electronic coupling of donor and acceptor moieties for electron transfer, contribution of these carbons should be larger one. Distance between donor and acceptor is an important factor governing the electronic coupling. Because the same acceptor was employed in the calculation, the distance between Zn ion and the carbon with the largest HOMO electron density reflects the distance for the electronic coupling. The distance was estimated to be 3.10, 3.13, 3.16, and 3.19 Å for ZnOEP, ZnHPc, ZnCn, and ZnPcn, respectively. This is the same order with that of the estimated V value Thus, distribution of the HOMO electron density will give a plausible explanation for the variation in the V values.
Furthermore, as an origin of larger λ V value of ZnPcn, ZnCn, and ZnHPc, larger structural change upon one electron oxidation was confirmed from MO calculation.
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Electron transfer between quantum dots and surface-attached imides
Photoinduced electron transfer to and from semiconductor quantum dots (QDs) is of intense interest because of its important roles in QD-based devices, such as detectors, light-emitting diodes, and solar cells. We investigated the solvent dependence of the interfacial electron transfer between ZnS-capped CdSe (CdSe/ZnS) QDs and PI at the ensemble and single-particle levels. 54 The steady-state and time-resolved photoluminescence and absorption measurements revealed that the rates of electron transfer from the excited CdSe/ZnS to the adsorbed PI molecules in non-polar solvents, such as octane and toluene, are higher than aprotic polar solvents, such as benzonitrile. Furthermore, it was found that two pathways were included in the electron transfer processes between CdSe/ZnS and PI, that is, electron transfer from the excited CdSe core to PI molecules adsorbed on the surface of the CdSe or ZnS. The former process occurred on the picosecond timescale, while the latter was on the nanosecond time scale. The interfacial electron transfer dynamics in individual CdSe/ZnS-PI conjugates in different solvents were also examined. The photoluminescence intermittency or blinking kinetics of single QDs was analyzed by adapting a diffusion-controlled electron transfer theory for the probability distribution of the "on" events. The results, which are qualitatively consistent with that obtained from the bulk experiments, clearly showed that the probability of the electron transfer events increases with the decreasing solvent polarity.
Application to DNA sequence detection on the basis of charge transfer in DNA
Oxidation and reduction reactions of DNA are essential in various biological processes in DNA. Because charge transfer in DNA explains oxidation and reduction of nucleobase apart from the initially oxidized and reduced site, respectively, charge transfer in DNA attracts attentions of researchers in wide fields including biology and nanotechnology. Imide compounds are often employed as a photosensitizing electron acceptor, i.e. hole injector, in studies on hole transfer in DNA. 32 Because hole transfer efficiency largely depends on DNA sequence, a detection method of DNA sequence will be possible on the basis of the charge transfer efficiency. Photocurrent measurement will be one of the candidates for this purpose. 55 We applied the single molecular fluorescence detection to DNA sequence analysis. [56] [57] In the experiments, DNA was conjugated with the photosensitizing electron acceptor (NI) and reporter fluorescent molecule (Fl) at the both ends (Figure 9 ). 56 Transfer of an injected hole to Fl quenched the fluorescence, while mismatch in DNA deceased the amount of fluorescence quenching by diminishing the hole transfer in DNA. It is clear from bottom of Figure 9 that the photobleaching efficiency decreased when the DNA included the mismatch. It was revealed that the efficiency was sensitive to the position of mismatch. In above DNA system, combination of NI and Fl realized DNA mismatch detection system, in which charge transfer diminished fluorescence intensity. In order to realize DNA, in which charge transfer enhances fluorescence intensity, we examined another DNA system, that is, Black Hole Quencher (BHQ) was placed inside DNA while NI and Fl were located at both ends. In this DNA, Fl and BHQ were located at close position so that fluorescence from Fl was quenched by FRET. On the other hand, transfer of injected hole to BHQ cancels FRET resulting fluorescence from Fl. This fluorescence "ON" upon charge transfer was successfully observed with single molecular fluorescence method. The sensitivity to the mismatch sequence was also confirmed. 57 In this section, we introduced various electron transfer systems using imides as electron acceptor. In spite of differences in the linking method and donor part, imides showed suitable electron acceptor ability in each case. Furthermore, molecular structure which enables various bonding method and characteristic absorption band upon one-electron reduction are favorite properties for many chemists who are engaged to synthetic and spectroscopic studies. Tendency of imides to form various kinds of aggregates is important characteristic. Based on this characteristic, electron migration phenomena of nano-structured imides will be also clarified to utilize in the charge relay systems. From these points, imides compounds will be utilized in various electron transfer systems also in future.
Higher excited state and multi-laser chemistries
Photoinduced reaction usually occurs from the lowest excited state such as the lowest singlet and the lowest triplet excited states. This comes from the ultrafast internal conversion from the higher excited states to the lowest excited state in solution phase. Therefore, in usual photochemistry, excitation wavelength dependence cannot be observed as known as Kasha's rule. However, since the internal conversion rate in solution is on the order of picoseconds, if the reaction is fast enough, photoinduced reaction from the higher excited state is also possible. Recent development of various experimental methods for the investigation of the ultrafast phenomena also makes the observation of the reaction via higher excited state possible. Our research group has been engaged to the study of the higher excited state chemistry for years. 58 Our research interests cover the reactions from the higher singlet state, higher triplet state, excited radical, i.e. excited doublet state, and so on. Furthermore, application of the multi-laser irradiation technique, which realizes the excitation chemistry of short-lived reaction intermediates, enlarges the field of excitation chemistry. We found that imide compounds are also useful to these studies. In this section, application of the imide compounds to such study is overviewed.
Electron transfer from the higher excited state
Higher excited states can be generated by various ways. In the case of the higher singlet excited state, excitation of the absorption band corresponding to the S n ← S 0 (n ≥ 2) generates higher singlet state, while in the case of the higher triplet state two-color two-laser excitation is usually needed for the efficient higher triplet excited-state generation. Thus, the higher singlet state can be accessed rather easily. For example, ZnTPP exhibits a strong absorption band at 423 nm called as Soret or B-band, which corresponds to the absorption band to generate higher excited state upon excitation, while Q-bands at 550-and 587 nm correspond to the absorption bands to generate the lowest excited state. When the Soret-band of ZnTPP is excited, ZnTPP shows S2-fluorescence, of which lifetime was determined to be ~3 ps. Chosrowjan et al. found that the S2-fluorescence lifetime of ZnTPP in CH2Cl2 was 0.75 ps, indicating the electron transfer from ZnTPP in the S2-excited state to solvent, which was confirmed by transient absorption spectroscopy. 59 Thus, shorter distance between ZnTPP and acceptor, i. e. solvent molecule, enhances the electron transfer rate which can compete with the internal conversion. Following to this result, electron transfer between ZnTPP in the S2-excited state and covalently bonded acceptor was reported by various research groups, such as Hammarström et al., Wasielewski et al., and Mataga et al. [37] [38] [39] 60 Especially, the research group of Mataga revealed driving force dependence of the electron transfer rate from the S2-excited state. [38] [39] Our research group also reported electron transfer from SbTPP and PTPP in the S2-excited state, in which TPPs act as electron acceptors. [61] [62] These results successfully revealed the characteristics of the S2 electron transfer which is different from the S1 electron transfers.
The S 2 electron transfer was also investigated with the supramolecular donor-acceptor dyad systems using imide compounds, 42 which were indicated in the previous section, i.e., ZnTPP, ZnOEP, ZnPc, and ZnNc as an electron donor while PI as an electron acceptor. Generation of the S2-excited state can be achieved by using 400-nm laser pulse, which excites the Soret band. In the case of ZnTPP-PI, generation of charge separated state was confirmed with the appearance of radical anion of PI with the apparent rate of 5.6 × 10 11 s -1 , which is much faster than that obtained by excitation of Q-band, i. e., the S1-excited state, indicating that the electron transfer occurred from the S2-excited state. When the deactivation rate of the pristine ZnTPP in the S 2 -excited state taking into account, the electron transfer rate and quantum yield from the S2-excited state were calculated to be 2.1 × 10 11 s -1 and 0.63, respectively. The lower yield than that of the S1 electron transfer can be explained based on the rapid internal conversion from the S2-to S 1 -excited state. The lifetime of the charge separated state was 650 ps, which was the same as that from the S1-excited state, indicating that the difference in the original states, S 2 -or S 1 -excited state, does not give the difference in the charge separated state, which deactivates to the neutral ground state by charge recombination process. Similarly, electron transfer from the S2-excited state was confirmed with the supramolecular donor-acceptor dyad of ZnPc and PI. The rate and yield were estimated to be 3.5 × 10 10 s -1 and 0.33, respectively. On the other hand, the generation rate of the charge separated state did not show wavelength dependence in the cases of ZnNc-PI and ZnOEP-PI dyads, indicating that the electron transfer did not occur from the S2-excited state. In the case of ZnOEP, quite short S2-excited state lifetime was reported, which decreases the yield of electron transfer from the S2-excited state. On the other hand, smaller driving force for the ZnNc-PI seems to make the S2 electron transfer inefficient. Since the reorganization energy for the electron transfer of these dyads are 0.5-1.0 eV, the electron transfer from S1-excited ZnTPP or ZnOEP to the axial ligand will exhibit rate close to maximal one. In the case of S 2 electron transfer, the driving force should be larger than that of the S1 electron transfer by the energy difference between the S2-and S1-excited states, suggesting that the electron transfer from the S2-excited state is located in the inverted region decelerating the electron transfer rate. However, as indicated above, electron transfer from the S2-excited state was faster than that of S1-excited state. This fact indicates that the electron transfer from the S1-and S2-excited states cannot be explained by the same Marcus parabola. There are two possibilities which can explain this observation: One possibility is that electron transfer from the S2-excited state generates the excited radical ion pair state, which diminishes the driving force. Another possibility is that the S2 electron transfer obeys different Marcus parabola from that of the S1-excited state due to difference in the reorganization energy. Further detailed study is needed to understand which model is reasonable to describe electron transfer from the higher excited state.
Energy transfer from the higher excited state
As indicated above, by using multi-laser excitation technique such as two-color two-laser excitation, one can access to various excited states including the higher triplet and excited radicals. In the two-color two-laser excitation, two laser pulses with controlled wavelength and delay are irradiated to the sample. For the higher triplet excited-state generation, the first pulse is irradiated to the sample to generate the lowest triplet state via the intersystem crossing, while the second laser, of which wavelength is tuned to be absorbed by the lowest triplet state, is irradiated within the lifetime of the triplet excited state. Two points are emphasized as characteristics of this method. One is that because of the higher energy of the higher excited state various reactions become possible even when these reactions are impossible from the lowest excited state. Another point is that these reactions become site and time-selective. Site selectivity indicates that the reaction is only possible at the cross point of two lasers. Time selectivity indicates that the reaction is possible within the lifetime of the reaction intermediate generated by the first laser, i.e. the yield and product selectivity can be controlled by the interval of two lasers. We have applied this multi laser irradiation to generate various intermediates and revealed reactions possible only from the higher excited state, including electron and energy transfers, bond cleavage and so on. The site-selectivity is useful to fabricate materials in a confined volume. Actually, we applied this method to generate metal nano-particles such as gold and copper in a limited volume. One of utilizations of time-selectivity of multi-laser irradiation in molecular devices should be product control by two laser excitation. Here, we introduce our results on the molecular systems, of which product, in the excited state in this case, can be controlled by the laser excitation.
In Figure 10 , molecular structure of the examined molecule and schematic energy diagram are indicated. 63 This molecule is a triad molecule including pyrene (Py), biphenyl (Ph2), and bisimidethiophene (ImT). In this molecular array, the S1 energy of ImT is the lowest, thus S1-excited state of ImT should be generated by energy transfer even when Py or Ph2 is excited. The intersystem crossing generates the T1 state of ImT (State 1), which is to be excited by the second laser to generate the Tn (n ≥ 2) state of ImT. The energy transfer from Tn (n ≥ 2) generates Py in the T1 state (State 2). Thus, the second laser acts as a switch of the products, i. e., State 1 or 2. 
Application of multi-laser excitation to DNA cleavage
Photodynamic therapy (PDT) is a promising treatment of cancer based on the photosensitized oxidative reaction at the diseased tissues producing cell death, and DNA is considered as a potential target. 65 Compared with surgery and chemotherapy, the combination of a photosensitizer (S) uptake in malignant tissues and selective light delivery offers the advantage of a selective method of destroying diseased tissues without damaging surrounding healthy tissues. Excitation of DNA-bound sensitizers produces the S
•-/
DNA
•+ charge-separated state through photoinduced electron transfer. However, the efficiency of producing photosensitized DNA damage is low because the charge recombination rate is usually much faster than the process leading to DNA damage, such as the reaction of G
•+ with water. Here, we introduce the first study of the nanosecond-laser DNA damaging, using a combination of two-color two-laser pulses as a promising new strategy to reach a high DNA damaging efficiency. 66 The first laser pulse was applied for the production of S
•-and DNA •+ , and the second laser pulse for the electron ejection from S •-, making the reaction irreversible ( Figure 12 ). In this study, naphthaldiimide (NDI) was selected as an S that can be excited with a first laser at a wavelength of 355 nm. First, to assess the feasibility of electron ejection from S
•-bound to DNA, the pulse radiolysis-laser flash photolysis of NDI-conjugated oligodeoxynucleotide (NDI-ODN) was performed. NDI •-with a maximum absorption peak at 495 nm was generated from the electron attachment during the pulse radiolysis of NDI-ODN. Since S •-often absorbs light at a longer wavelength compared with its non-reduced form, laser pulses with a longer wavelength can be used for the excitation of S •-, and a 532-nm laser was applied as the second laser.
Irradiation of NDI
•-in NDI-ODN with a 532-nm laser pulse caused a decrease in △O.D. of NDI
•-
, and the formation of absorption at 630 nm assigned to a solvated electron (eaq -) immediately after the laser pulse, demonstrating the successful electron ejection from NDI •-to the solvent water. In the present section, we summarized higher excited state chemistry and chemistry induced by multi-laser excitation. Although, the examples of this chemistry are limited, by employing the recent advanced spectroscopic methods, various important features of these chemistries became clearer. Sharp and strong absorption band of one-electron reduced imides are good target to study these issues. For example, in the higher excited state chemistry, these spectral features are favorable to detect a reaction even when the yield is low. And in the multi laser excitation, sharp and strong absorption facilitates excitation using second or third lasers. Imides itself will be the target of these study, such study is under progress.
Conclusions
In the present review, we introduced various photoinduced processes of supramolecular systems using imides mainly. Because of high electron acceptor ability in the excited state and excellent fluorescence properties of imides, imides are recognized as excellent components for various photofunctional molecular devices. In addition, rigid structure and higher stability under photoirradiation increased its applicability to various fields including biological fields. As indicated in this review, in spite of a number of studies, still various properties such as excited radical anion and higher excited states of these compounds are unknown. Taking their spectroscopic and redox properties into account, these compounds are good candidates such studies. Although we indicated some future perspectives in the summary of each parts of this review, further progresses in the fundamental and application science will be attained using these compounds in the various scientific fields. 
KEYWORDS:
